A genetic linkage map of the hermaphrodite teleost fish Sparus aurata L. by Bargelloni, L. et al.
Copyright  2006 by the Genetics Society of America
DOI: 10.1534/genetics.106.059014
A Genetic Linkage Map of the Hermaphrodite Teleost Fish Sparus aurata L.
Rafaella Franch,* Bruno Louro,†,1 Matina Tsalavouta,‡,1 Dimitris Chatziplis,§ Costas S.
Tsigenopoulos,‡ Elena Sarropoulou,‡ Jenny Antonello,* Andonis Magoulas,‡
Constantinos C. Mylonas,‡ Massimiliano Babbucci,* Tomaso Patarnello,*,**
Deborah M. Power,† Giorgos Kotoulas‡ and
Luca Bargelloni*,2
*Department of Public Health, Comparative Pathology, and Veterinary Hygiene, University of Padova, 35020 Legnaro, Italy, †Centro de
Ciencias de Mar, Universidade do Algarve, 8000-810 Faro, Portugal, ‡Hellenic Center for Marine Research, 71003 Crete, Greece,
§Aristotle University of Thessaloniki, 54006 Thessaloniki, Greece and **Department of Biology, University of
Padova, 35121 Padova, Italy
Manuscript received April 12, 2006
Accepted for publication August 7, 2006
ABSTRACT
The gilthead sea bream (Sparus aurata L.) is a marine fish of great importance for fisheries and aqua-
culture. It has also a peculiar sex-determination system, being a protandrous hermaphrodite. Here we
report the construction of a first-generation genetic linkage map for S. aurata, based on 204 microsatellite
markers. Twenty-six linkage groups (LG) were found. The total map length was 1241.9 cM. The ratio
between sex-specific map lengths was 1:1.2 (male:female). Comparison with a preliminary radiation hybrid
(RH) map reveals a good concordance, as all markers located in a single LG are located in a single RH
group, except for Ad-25 and CId-31. Comparison with the Tetraodon nigroviridis genome revealed a con-
siderable number of evolutionary conserved regions (ECRs) between the two species. The mean size of
ECRs was 182 bp (sequence identity 60–90%). Forty-one ECRs have a known chromosomal location in the
pufferfish genome. Despite the limited number of anchoring points, significant syntenic relationships were
found. The linkage map presented here provides a robust comparative framework for QTL analysis in S.
aurata and is a step toward the identification of genetic loci involved both in the determination of eco-
nomically important traits and in the individual timing of sex reversal.
THE gilthead sea bream (Sparus aurataL.) is a marineteleost fish that belongs to the family Sparidae. This
family contains.100 species, which are divided into two
large clades (groups A and B) according to the most
recent molecular data (Orrell and Carpenter 2004).
Sparids (porgies or sea breams) are demersal fish com-
monly found in temperate and tropical waters, with a
maximum of diversity in the northeast Atlantic and the
Mediterranean region (Bauchot and Hureau 1986),
and they represent a key element of the coastal marine
ecosystem. Sparids are also of great importance for fish-
eries and aquaculture, being excellent food fish, with
high commercial value. S. aurata is the most prominent,
with an average cultured production of 100 million met-
ric tons per year. The great importance of the gilthead
sea bream for marine aquaculture has fueled an in-
creasing number of studies in many different areas such
as immunology, endocrinology, bone morphology, and
muscle physiology. Moreover, the genomic tool kit for
S. aurata has been constantly improving, as a first-
generation cDNA microarray was recently reported
(Sarropoulou et al. 2005), a preliminary radiation hybrid
(RH) map has been constructed (Senger et al. 2006),
and a medium-scale expressed sequence tag (EST) se-
quencing project has been recently completed (A.
Canario, personal communication). An improved RH
map with.1000 markers (G. Kotoulas, personal com-
munication) and an oligo array representing .10,000
unique transcripts (L. Bargelloni, personal commu-
nication) are expected by the end of 2006. Therefore,
the genome of the gilthead sea bream is rapidly be-
coming one of the best characterized among teleost
species, apart from classical models such as Brachydanio
rerio (zebrafish), Oryzias latipes (medaka), Takifugu rub-
ripes (fugu), and Tetraodon nigroviridis (spotted green
pufferfish). The gilthead sea bream belongs to the larg-
est vertebrate order, the Perciformes, which comprises
.7000 species including several fish families of great
importance for fisheries and/or aquaculture (billfish,
tuna, bass, cichlids, groupers, etc.) or for evolutionary
studies,butnoneofthecurrentfishmodelspecies(zebra-
fish, medaka, fugu, pufferfish). The development and
implementation of genomic tools for the sea bream
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might therefore provide a link between these model
species and the large perciform assemblage and give S.
aurata the status of model marine organism.
The most striking feature of the family Sparidae is the
variety of sex-determination mechanisms. There are
gonochoristic species as well as hermaphrodite ones.
The latter are sequential hermaphrodites and con-
tains species that are either protandrous hermaphro-
dites (i.e., they mature first as males and then switch to
females) or protogyneous hermaphrodites (i.e., they
mature first as females and subsequently revert to the
opposite sex). Sex reversal is made possible by the pres-
ence of a bisexual gonad, in which both testicular and
ovarian tissues are present. During the male phase, the
bisexual gonad has functional testicular and nonfunc-
tional ovarian areas, whereas the inverse occurs in the
female phase. Some other sparid species show a bisexual
gonad, but never undergo sex reversal (incomplete her-
maphrodites).Variationinsexdeterminationisalsopres-
ent within the same species. In S. aurata, for instance, at
2 years of age, most individuals reverse to the female sex,
through development and maturation of the ovarian
portion of the gonad and regression of the testicular
area. Not all male sea breams, however, seem to follow
this pattern, because some animals either delay or never
attain sex reversal, possibly in relation with social, envi-
ronmental, and genetic factors (Zohar et al. 1978).
Here, the first linkage map for the gilthead sea bream
is reported, on the basis of 204 microsatellite markers.
So far, historical and technical reasons have meant that
relatively little genetic improvement of aquacultured
sea bream has occurred. Because of the peculiar fea-
tures of several cultured marine species (mode of repro-
duction, generation time, origin of broodstocks) the use
of molecular markers might be extremely helpful to-
ward time- and cost-efficient breeding programs. Un-
fortunately, the application of molecular genetics for
selection in fish aquaculture is still in its infancy. The
linkage map presented in this work should provide a
robust framework for implementation of QTL analysis
and marker-assisted selection of important traits, espe-
cially those that are difficult to measure and/or have
low heritability. A linkage map for S. aurata might also
be used to identify genetic loci involved in a range of
biological phenomena, such as adaptation to water
temperature or salinity, stress and disease resistance,
and the timing for sex reversal. Finally, the observed
‘‘comparability’’ of the gilthead sea bream map might
facilitate genomic studies in other Sparidae as well as
comparisons with well-characterized fish genomes.
MATERIALS AND METHODS
Mapping population: The mapping panel was produced by
crossing a single sea bream male (contributing sperm) with a
single female (contributing eggs). Both parents were part of
the broodstock of the Hellenic Center for Marine Research
(HCMR, Crete, Greece). As in other sea bream hatcheries, the
HCMR broodstock is mostly composed of animals directly
caught from the wild. Therefore a negligible effect of captive
breeding is expected on the genetic diversity of the brood-
stock. Even under farming conditions, reproduction in S.
aurata occurs through mass spawning, where several females
release their ova at the same time and several males contribute
their sperm. To produce a mapping panel from a single pair of
fish, a group of 3-year-old reproductively mature males (n¼ 5)
and females (n ¼ 4) was taken from a larger broodstock of
HCMR in November, before the winter spawning season, and
was placed in an outdoor 2-m3 circular tank supplied with sur-
face water of ambient salinity (38–40 psu) and temperature
(19–16). The tank was fitted with an overflow, automatic egg
collector (Zohar et al. 1995), consisting of a cylindrical 500-
mm mesh placed cocentrically in a 200-liter cylindrical tank.
During the reproductive season, the egg collector was exam-
ined daily, to verify the onset of spawning and determine the
time of spawning, which in gilthead sea bream is usually in the
early afternoon, and it is at the same time throughout the
season. A few days after the spawning season commenced, and
once a regular daily spawning rhythm was established, all fish
were removed from the tank at the expected time of spawning
and were anesthetized in a bath of 0.4 ml liter1 phenoxyeth-
anol (Mylonas et al. 2005a). The females were examined for
the presence of ovulated eggs, using gentle abdominal pres-
sure. In the same way, two females found to have ovulated were
stripped of their eggs, which were placed in clean, dry plastic
bowls. Sperm from a different male was placed on top of the
eggs of each female and mixed together using a plastic spoon,
to obtain two different F1, full-sib families. (One of the two
families of the mapping panel showed half of the individuals
with genotypes not compatible with the assumed parents. This
was apparently due to the presence of contaminating sperm
and/or eggs from a third individual. For this reason, only one
family was used as a mapping panel and genotyped for all
markers.)
At the same time, clean seawater from the incoming source
was placed and the eggs were swirled gently for 2 min and were
then allowed to stand for 5 min. Then, the eggs were rinsed
with plenty of clean seawater and were placed in separate egg
incubators (500-liter cylindro-conical). Fertilization was veri-
fied 4 hr later, by examining the eggs under a stereoscope and
observing the onset of cell division. Two days later, and just
before hatching, the eggs were moved into 500-liter circular
tanks for larval rearing, which was undertaken using the inten-
sive rearing method (Moretti et al. 1999), until they reached
an average of 3 g. At this stage 200 animals were killed using an
excess of anesthetics and stored at 20. A random sample of
50 individuals was collected and for each animal total genomic
DNA was extracted using either a modified salting-out protocol
(Miller et al. 1988) or a DNAeasy tissue mini kit (QIAGEN,
Valencia, CA) following the manufacturer’s instructions.
Microsatellite markers:Five different genomic libraries were
constructed. Three repeat-enriched libraries were prepared
following the FIASCO protocol (Zane et al. 2002). Briefly,
genomic DNA was digested with MseI to prepare the first two
libraries, while TaqI was used for the third one. The corre-
sponding adaptors (Mse or TaqI adaptors) were ligated to re-
stricted DNA fragments, and the ligated products were PCR
amplified using primers designed on the adaptors. The am-
plified DNA was then hybridized with a biotinylated oligo-
nucleotide probe. For two libraries (one from MseI-digested
DNA, one from TaqI-digested DNA) the probe was (AC)17. For
the third one a (GATA)8 oligo was used. After low- and high-
stringency washes, the repeat-enriched DNA was eluted and
amplified with adaptor primers. An aliquot of the amplified
DNA was cloned into a plasmid vector (pGEM-T Easy), using
the pGEM-T Easy Vector System II (Promega, Madison, WI).
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Cloned inserts were amplified directly from individual bacte-
rial colonies with universal vector primers (M13rev, caggaaaca
gctatgac; T7, taatacgactcactataggg). The following experimen-
tal conditions were used: a final volume of 10 ml reaction mix-
ture contained 0.25 units of Taq DNA Polymerase (Promega),
13 Thermophilic DNA Polymerase buffer, magnesium free,
2.5 mmMgCl2, 0.14 mm dNTPs, 2.5 pmol of primer, and50 ng
of bacterial DNA. The thermal profile, carried out in a Gene-
Amp 9700 (Applied Biosystems, Foster City, CA), included
a preincubation step (5 min at 95); 30 cycles consisting of
1 min at 95, 1 min at 56, 1 min at 72; and a final step (10 min
at 72). One to two microliters of amplified DNA were sent
without further purification to the sequencing core of the
University of Padova (BMR Servizio Sequenziamento, CRIBI,
Universita` di Padova).
Two additional microsatellite-enriched genomic libraries
were prepared as described in Tsigenopoulos et al. (2003),
following a procedure first reported by Edwards et al. (1996).
In summary, total sea bream DNA was digested with RsaI,
ligated to RSaI-linkers, and, after denaturation, hybridized
with a 59-biotinylated (AC)12 oligonucleotide probe. Repeat-
enriched DNA was then PCR amplified with primers designed
on RSaI linkers and cloned into a pGEM-T vector as described
above. Each recombinant clone was picked up into a 96-well
plate in 100 ml ultrapure water and incubated at 95 for 5 min.
A 5-ml volume of each clone was added to the following PCR in
a 20-ml volume of PCR mix (20 mm Tris-HCl, pH 8.4, 50 mm
KCl, 1.5 mm MgCl2, 0.2 mm dNTPs, 0.5 unit Taq DNA poly-
merase) (Invitrogen Life Technologies, San Diego). Five pico-
moles each of primers AGE 1 (59-GGAAACAGCTAGACCAT
GAT) and AGE 2 (59-TTGTAAAACGACGGCCAGTG) and of
an (AC)12 oligonucleotide were added. The thermal profile
consisted of 30 cycles of 45 sec at 93, 45 sec at 55, and 60 sec at
72. Plasmid DNA from clones that yielded two or more bands
was extracted using the NucleoSpin Plasmid kit (Macherey–
Nagel GmBH, Du¨ren, Germany). DNA inserts were sequenced
from both ends using SP6 and T7 primers, with a SequiTherm
EXCEL II DNA sequencing kit-LC (Epicentre Technologies,
Madison, WI), and run on a Li-Corp (Lincoln, NE) 4200 auto-
mated DNA sequencer.
The genomic sequences generated from the libraries de-
scribed above were used to design primers with the Primer3
software (Rozen and Skaletsky 2000). In total, 171 polymor-
phic loci were obtained from the above libraries (GenBank
accession nos. DQ851237–DQ851408). Six microsatellite loci
published by Batargias et al. (1999), one by Launey et al.
(2003), and six by Brown et al. (2005) were also used. Twenty
sea bream sequences containing a microsatellite repeat that
were available in GenBank (AJ418632, AJ418650–AJ418652,
AJ418655–AJ418656, AJ418660, AJ418665, AJ418667, AJ418670–
AJ418673, AJ418675, AY138985, AF258447, and AF478568)
were used to define primers, found polymorphic, and geno-
typed on the panel. One was located in the 59-flanking region of
the growth hormone (GH) gene (AY138985, locus G1), one in
the 39-untranslated region of the myostatin mRNA (AF258447,
locus 2G), one in the myogenic factor 1 gene (AF478568, locus
G4), and three in ESTs (DN048390, DN048399, and DN048405).
Genotyping: PCR amplifications of microsatellite loci were
performed under the following conditions: a final volume of
15 ml reaction mixture contained 0.8 units of Taq DNA Poly-
merase (Promega), 13 Thermophilic DNA Polymerase buffer
(magnesium free), 1 mm MgCl2, 0.070 mm dNTPs, 2.5 pmol of
primer, and 5–10 ng of genomic DNA. The thermal profile
included a predenaturation step (3 min at 94); 33 cycles con-
sisting of 1 min at 94, 50 sec at 54 or 58, 1 min at 72; and a
final step (5 min at 72). Forward primers were fluorescently
labeled using 6-FAM, HEX, or TAMRA. Up to nine different
loci were loaded on an ABI PRISM 3100 DNA sequencer
(Applied Biosystems) with size standard Rox 400 (Applied Bio-
systems). Locus polymorphism was first scored for both par-
ents and four individuals from the mapping panel. Markers
considered informative (i.e., at least one parent was heterozy-
gous) were then typed for all 50 individuals of the outcross. In-
dividual genotypes were recorded using Genotyper 3.7 (Applied
Biosystems) and transferred to an electronic spreadsheet.
Genomic DNA of six additional sparid species (Dentex den-
tex, Diplodus puntazzo, D. sargus, Lithognathus mormyrus, Pagellus
bogaraveo, and Pagrus pagrus) was obtained as described for sea
bream samples. Six individuals for each species were analyzed.
Fifteen primer pairs were randomly selected from those ampli-
fying polymorphic loci in S. aurata. PCR conditions and anal-
ysis of amplification products were as detailed above.
Accession numbers for each microsatellite locus are listed
in supplemental information at http://www.genetics.org/
supplemental/. Details on primer sequences and product size
are available at the SeaBream genome database (http://www.
bridgemap.tuc.gr).
Map construction: Noninheritance errors were checked
with LocusMap (Garbe and Da 2003). Such errors consisted
of a 1-base difference in allele size due to rounding error to the
unit. All noninheritance errors were checked by reevaluating
the original chromatograms and corrected. A check for non-
Mendelian inheritance was also done using the prepare option
of CRI-MAP. The linkage analysis and the building of the map
were performed using the CRI-MAP 3.0 software (Green et al.
1990). Assignment of the markers to linkage groups was per-
formed by pairwise analysis of markers. Markers showing LOD
scores .3.0 were assigned to the same linkage group. When
there were more than three markers in a linkage group the
order with the highest likelihood was selected from all the
possible orders (up to six loci using the Flips6 option of CRI-
MAP). Any additional marker was assigned in the most likely
position on a linkage group by looking at all possible orders of
up to six adjacent loci in a linkage group. The maps were built
assuming an equal recombination rate between sexes; how-
ever, the order of the loci was also checked (using the Flips6
option of CRI-MAP), assuming different recombination rates
between sexes. No difference in the loci orders of the linkage
groups was observed under the different assumptions of the
recombination rate. The linkage distances for sex-average and
sex-specific maps were estimated assuming the Kosambi map-
ping function.
Similarity searches: The T. nigroviridis genome (ver. 7.0)
was downloaded from http://www.genoscope.cns.fr/externe/
English/Projets/Projet_C/data/genomique/assembly/masked/.
The T. rubripes genome (ver. 4.0) was downloaded from http://
www.jgi.doe.gov/fugu/index.html. Individual chromosome
sequences for zebrafish (ver. Zv6) as well as ‘‘nonchromo-
somal’’ genomic sequences were obtained from http://www.
sanger.ac.uk/Projects/D_rerio/. Local BLAST and FASTA
searches were carried out under default settings using in-
dividual sequences of sea bream genomic clones as queries.
Repeat regions were masked. Hits with e , 105 were con-
sidered significant only when the same sea bream sequence
showed similarity against both Tetraodon and Fugu genomes.
Hits with e , 1010 were always considered significant.
RESULTS
Sea bream-specific microsatellite markers: A total of
1199 clones were successfully sequenced from five en-
riched libraries, and 593 clones contained a repeat re-
gion .18 bp and flanking regions long enough to
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design primers. The cutoff at 18 bp was chosen after a
preliminary analysis on 50 candidate loci. This anal-
ysis showed that all analyzed microsatellite loci with less
than nine dinucleotide repeats were monomorphic,
while 70% of loci with longer repeats were polymorphic
on the mapping panel. A total of 204 polymorphic
markers were optimized for amplicon size and fluores-
cent dye to analyze up to 9 loci in the same run. A ran-
dom sample of 48 markers were genotyped on a larger
number of individuals to estimate heterozygosity. Aver-
age observed heterozygosity was 0.69 (range 0.02–1).
The mean number of alleles was 11.2 (range 2–30). A
random sample of 15 microsatellite loci was also tested
on six other sparid species to assess whether sea bream
markers could be amplified across species. The percent-
age of successful amplifications was remarkably high, as
13 loci provided a visible product in at least one species
other than S. aurata (Table 1). For most species, several
loci showed more than one allele, despite the limited
sample size (six individuals per species, originating from
a single population). Therefore, preliminary results in-
dicate that a good proportion of markers developed for
the gilthead sea bream could be used for genetic analysis
of other sparid species.
S. aurata linkage map: Significant linkages were iden-
tified for 198 microsatellite loci. Only 6 markers re-
mained unlinked. Twenty-six linkage groups (LG) were
found (Figure 1), with the number of markers per group
ranging from 2 (LG22) to 17 (LG3). Seven loci were
assigned to different linkage groups, but their position
on the map could not be reliably defined. The total
sex-averaged length of the map is 1241.9 cM. The
largest linkage groups were LG3 and LG17, respec-
tively, with 127.4 and 129.5 cM. Two linkage groups
showed only 4 (LG21) and 2 loci (LG22) with no re-
combination among them. A total of 154 markers were
genetically distinct. The distance between genetically
distinct, contiguous markers ranged from 0.4 to 64.6
cM, with an average of 9.7 cM. Forty-eight percent of
intermarker intervals are ,5 cM long, 23% ranged
between 5 and 10 cM, 17% varied between 10 and 20 cM,
and 12% were .20 cM. Only a slight difference in
length was observed between the male map (1170.5
cM, supplemental Figure S1 in supplemental informa-
tion at http://www.genetics.org/supplemental/) and the
female one (1451.5 cM, supplemental Figure S2 in
supplemental information at http://www.genetics.org/
supplemental/), with a ratio of 1:1.24 (male:female).
Differences in length between male and female maps
were especially observed in some linkage groups (i.e.,
3, 6, 7, 9, 12, 20, and 25). Such differences might be
partially due to the fact that both parents shared one
allele (e.g., Bd-71-F of LG3, Eld-39-T of LG6, and Dld-
14-H of LG9) and/or one of the parents was homozy-
gous at specific adjacent loci (e.g., B6b, P82, 172EP, and
Fd-92-H of LG12; P19, Eld-13-H, and Eld-14-T of LG14;
Dt23, Dld-03-T, Bt-14-F, and Fd-78-H of LG20; and Hd-
77-F of LG25). However, it should be noted that no
bias toward one sex was observed in the number of
informative loci, and when only loci that are informa-
tive in both parents (n ¼ 75) were selected the average
recombination fraction was still higher for the female
sex (0.11) than for the male (0.10).
Comparison between sea bream linkage and the RH
map: A preliminary RH map for the gilthead sea bream
has been recently reported (Senger et al. 2006). It con-
tains 440 markers, including 121 microsatellite loci that
have been mapped onto the linkage map presented
here. The current RH map shows 28 RH groups (sup-
plemental information in Senger et al. 2006). A com-
parison of the two maps reveals a good concordance, as
nearly all markers located in a single LG are found in a
single RH group. The observed correspondences are
reported in Table 2. Only two of the markers (Ad-75
in LG9, CId-31 in LG23) are positioned in a different
RH group (both in RH25) compared to markers in the
same LG (Table 2). Remarkably, for 13 linkage groups
(LG1, LG4, LG5, LG10, LG13, LG16, LG17, LG18,
LG20, LG21, LG22, LG25, and LG26) the same marker
order is found also in the corresponding RH group, for
6 of the linkage groups (LG2, LG6, LG11, LG14, LG19,
and LG23) a single marker is placed in a different posi-
tion from that observed in the RH group, and for the
remaining 7 linkage groups more than one locus has a
position that is not congruent between the two maps.
Comparison between the sea bream linkage map
and the T. nigroviridis genome: Similarity searches of
S. aurata sequences against the genome sequence of
the pufferfish T. nigroviridis revealed a relatively high
TABLE 1
Cross-amplification of microsatellite markers in
other sparids
Locus Lm Dd Pb Ds Pp Dp
AD-05 1 (6) 1 (1) 1 (5) 1 (8) 1 (1) 1 (4)
AD-20      
AD-12      
BD-03 1 (1) 1 (2)  1 (4) 1 (1) 1 (1)
AD-21 1 (1) 1 (1) 1 (4) 1 (1) 1 (3) 1 (1)
AD-66 1 (5) 1 (4) 1 (3)  1 (1) 1 (6)
AD-54  1 (1) 1 (6) 1 (7) 1 (1) 1 (1)
AD-86 1 (6)  1 (1) 1 (4) 1 (1) 1 (1)
BD-14  1 (1)  1 (4) 1 (1) 1 (1)
BD-48      1 (2)
BD-68 1 (4) 1 (1) 1 (1)   1 (3)
BD-36 1 (1) 1 (1) 1 (3) 1 (1) 1 (1) 1 (4)
BD-86 1 (4)   1 (6) 1 (6) 
BD-29  1 (1) 1 (1) 1 (1) 1 (1) 1 (1)
BD-72 1 (7)  1 (6) 1 (1) 1 (1) 1 (1)
Species abbreviations are as follows: Dd, Dentex dentex; Dp,
Diplodus puntazzo; Ds, D. sargus; Lm, Lithognathus mormyrus; Pb,
Pagello bogaraveo; Pp, Pagrus pagrus; and Sa, S. aurata. In paren-
theses is the number of alleles found in each species sample.
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percentage of evolutionary conserved regions (ECRs)
between the two species. Thirty percent (62/204) of
sea bream microsatellite loci gave significant similarity
to Tetraodon sequences, according to the criteria de-
scribed in materials and methods. The majority of
Tetraodon-matching sequences (58/62, 93%) showed a
significant match also against the fugu genome. The
percentage of ECRs sharply decreases when sea bream
genomic sequences are compared to the zebrafish ge-
nome (18/204, 9%). Quite remarkably, half of signifi-
cant matches (9/204) point to two different genomic
regions of the zebrafish genome.
Using FASTA, the mean size of the aligned region was
182 bp (range 68–410 bp), with sequence identity rang-
ing from 60 to .90%. The majority of ECRs (41%) are
located in putatively transcribed regions [generally in the
39- and 59-untranslated regions (UTRs) of known/pre-
dicted genes] of the Tetraodon genome, 27% are found
in pufferfish introns, and 32% appear not to be associ-
ated with any known or predicted gene. Forty-one ECRs
have a known chromosomal location in the Tetraodon
genome. Despite the limited number of anchoring
points, a comparison between the pufferfish genome
and the sea bream linkage map reveals several syntenic
regions (Table 3). For instance, five loci on LG18 (Gd-
60, CId-84, Saimbb20, Ad-21, and CId-52), spanning
3.1 cM, define a syntenic region on Tetraodon chro-
mosome 13. Similarly, sea bream LG1 contains eight
markers, of which three, DId-31, Fd-46, and Fd-48, with
a total map length of 13.6 cM, have putative homologs
Figure 1.—Sex-averaged linkage map in Kosambi centimorgans of the gilthead sea bream consisting of 26 linkage groups.
A Linkage Map of the Gilthead Sea Bream 855
on chromosome 12 in the Tetraodon genome. Other,
less extended correspondences are found (Table 3).
DISCUSSION
This is the first linkage map of the gilthead sea bream,
a teleost fish that belongs to a large family of great
importance for fisheries and aquaculture. The set of
markers generated for the construction of the sea
bream map is highly polymorphic and represents an
important tool for further genetic studies in this spe-
cies. Furthermore, preliminary evidence suggests that
its utility could be extended to other species. As men-
tioned above, Sparidae are divided into two large clades
(A and B in Orrell and Carpenter 2004). Cross-
species amplification of several microsatellite loci has
been observed in this study as well as by Brown et al.
(2005) in sparid species belonging to both clades. The
possibility of using the same markers across different
species will speed up the construction of linkage maps
in other sparids and allow easy comparisons between the
different maps.
Figure 1.—Continued.
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The sex-averaged map length is 1241.9 cM, a value
similar to those reported in other teleost fish. A slight
difference in length is evident between the male and the
female maps. The presence of loci that are informative
in one parent only might partially explain such evi-
dence. Unfortunately, the biology of S. aurata does not
allow us, at present, to obtain highly informative map-
ping populations (e.g., backcross or F2 between diver-
gent inbred lines). Despite the use of outbred parents,
some degree of homozygosity could not be avoided.
However, the evidence for a slightly higher recombina-
tion rate in the female sex is confirmed when sex-
specific recombination rates are estimated only for loci
that are informative in both parents. Sex dimorphism in
meiotic recombination is a widespread phenomenon in
vertebrate and invertebrate species. The molecular
mechanisms underlying the observed dimorphism re-
main unclear. In mammals, as a general rule, the het-
erogametic (male) sex shows reduced recombination,
although notable exceptions are observed (sheep, cat-
tle). In the teleost fish, most species do not present
heteromorphic chromosomes; therefore, the rule does
not generally apply. However, in several teleost species
recombination appears to be reduced in males. For in-
stance, the female:male recombination ratios are 2.74:1
in zebrafish (Singer et al. 2002), 3.25:1 in rainbow
trout (Sakamoto et al. 2000), 8.26:1 or 3.92:1 in the
Atlantic salmon depending on the study (Moen et al.
2004; Gilbey et al. 2004), 3.18:1 in the channel catfish
(Waldbieser et al. 2001), and 1.48:1 in the European
sea bass (Chistiakov et al. 2005). All these fish species
have separate sexes and genetic determination of sex,
although in the European sea bass there is also an im-
portant environmental component in sex determina-
tion (Mylonas et al. 2005b), while forD. rerio both an XY
system (heterogametic males, Uchida et al. 2002) and a
ZWone (heterogametic females, Devlin and Nagahama
2002) have been proposed. In the Japanese flounder,
the male sex has an unusually high recombination rate,
which is 7.4 times higher than that in females (Coimbra
et al. 2003). In other fish species, such as the swordtail
(Walter et al. 2004), where ZW as well as XY systems
have been reported, and tilapia (Lee et al. 2005), where a
major locus for sex determination seems to be present,
no significant difference is found between the overall
lengths of male and female maps, although sex-specific
recombination rates appear to vary across linkage groups
and within the same linkage group. A similar situation is
observed in the gilthead sea bream. For instance, LG1,
LG2, and LG3 are three to four times longer in the
female map compared to the male one, with large map
distances associated with loci at the end(s) of each link-
age group, whereas the opposite is observed for other
LGs (e.g., LG15, LG16, or LG26). A larger number of
meioses in more than one individual, however, will be
needed to assess whether overall similarity as well as
LG-specific differences are due to stochastic effects or
to a sex-specific pattern. It should be noted that the
peculiar mode of sex determination in the gilthead sea
bream might allow the estimation of female- and male-
specific recombination rates in the same individual,
thereby discounting any effect of genetic background
on sex-related patterns of recombination. More gener-
ally, S. aurata, together with other hermaphroditic (pro-
tandrous or protogyneous) or gonochoristic sparids,
might represent a case study for dissecting the role of
Figure 1.—Continued.
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sex-determining and sex-differentiating genes on mei-
otic recombination.
The 198 loci on the sea bream map are comprised in
26 linkage groups. The comparison with a preliminary
sea bream RH map provides independent support for
the observed LGs, as complete concordance is observed
between RH groups and LGs, often with respect also
to marker order within groups. Karyotype analysis of
S. aurata indicates a haploid set of 24 chromosomes
(Cataudella et al. 1980; Vitturi et al. 1992). It is ex-
pected that, with the addition of more markers, some
linkage groups will merge into larger ones, and the
number of LGs should eventually match the number of
chromosomes. Indeed, RH group 10 contains markers
that are included either in LG8 or in LG22, so it is likely
that these LGs will merge in a single group. Similarly,
RH group 19 comprises loci that are located either on
LG18 or on LG26 and these are also expected to give rise
to one LG. The distance between loci Id-14 and Bd-61,
which are contiguous on RH10, yet located, respectively,
on LG8 and LG22 (Figure 1), is 80 cR3000. One cR3000 on
the sea bream RH map corresponds approximately to
140 kb. Therefore, the physical distance between Id-14
and Bd-61 is11.2 Mb, yet these loci could not be linked
on the genetic map. Even more striking, the RH map
distance between CId-52 (LG18) and Hd-23 (LG22) is
only 14 cR3000, corresponding to,2 Mb. It is well known
that physical and genetic distances between syntenic loci
could be quite different, because recombination events
are not uniformly distributed along the same chromo-
some. It is possible that the region between loci on LG18
and LG22 is a preferential site for the formation of
chiasmata, greatly inflating recombination frequency.
This might significantly reduce the possibility of linking
loci that are physically located on the same chromo-
some. For instance, in tilapia, the number of LGs (24) re-
mained larger than the number of chromosomes (22),
although this represents one of the most extensive link-
age maps available for fishes and contains .500 micro-
satellite markers (Lee et al. 2005). The same might be
true for the sea bream linkage map, because some of the
unlinked markers from the current study may be from as
yet unidentified linkage groups, which would become
apparent with the addition of extra markers.
From all of the above it is clear that integration of
different genomic data might be extremely useful for
TABLE 2
Oxford plot comparing the sea bream linkage and RH map
Linkage map
RH 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
1 2
2 3
3 8
4 10
5 4
6 3
7 5
8 5
9 6
10 7 2
11 4
12 5
13 4
14 4
15 4
16 6
17 3
18 3
19 7 2
20 3
21 4
22 4
23 7
24 4
25 1 1
26
27
28
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the construction of robust genomic maps. To this end,
comparative genomics offers a great opportunity, by
means of transferring information from partially or
completely sequenced genomes toward less character-
ized species. This approach is possible using anchoring
sites, i.e., loci that are homologous between the species
under comparison. In general, such loci are type I (cod-
ing) markers. Microsatellite (type II) markers generally
reside in noncoding regions; therefore, it is generally
thought that these loci are species specific. Apparently,
this is not a general rule in teleost fish. In Cottus gobio,
77/171 (45%) of microsatellite loci could be matched
with Tetraodon genomic sequences (Stemshorn et al.
2005). In the present study, 62/204 (30%) of loci con-
tainconservedsequenceregions compared to the puffer-
fish genome. In tilapia, using a more stringent threshold
for BLASTn searches (e . 108), 61/545 (11%) loci
matched Tetraodon sequences (Lee et al. 2005). Using
the same threshold 57/204 (28%) sea bream sequences
showed a significant match. The high sequence similar-
ity in noncoding sequences observed might be only
partially explained by the fact that these four species
(T. nigroviridis, Tetraodontiformes; C. gobio, Scorpaeni-
formes; O. niloticus and S. aurata, Perciformes) are part
of a highly derived teleost group, the Acantomorpha,
which is thought to have originated quite recently (80–
100 million MYA, Chen et al. 2004). Indeed, when the
distribution of sequence similarity for aligned genomic
blocks was inferred from comparison between mouse
and human genomes, which diverged 65–100 MYA, the
frequency of ‘‘neutrally’’ conserved regions with average
size of 200 bp was less than 15%.
The presence of numerous highly similar noncod-
ing segments (ECRs) is one of the most intriguing dis-
coveries of comparative genomics (Aloni and Lancet
2005). ECRs are located either in noncoding transcribed
regions or in the genomic vicinity of genes (promoters,
introns), but are also found at large distances (e.g., 500
kb) from the closest known gene. Similarly, in the
present study, the majority of ECRs (72%) were found
either in transcribed regions or in introns of the green
spotted pufferfish genome, but a substantial propor-
tion could not be associated with any known gene. This
result, however, should be taken with caution as the
Tetraodon genome is only partially annotated. In a re-
cent article (Woolfe et al. 2005), nearly 1400 ECRs were
identified, comparing the human and fugu genomes.
The majority of these sequence fragments were exper-
imentally demonstrated to have a functional role in the
regulation of gene transcription. These ECRs, which
have a mean size of 199 bp, also showed a peculiar nu-
cleotide frequency pattern at their borders, with a strong
bias toward A-T (Walter et al. 2005). The average size of
ECRs identified between pufferfish and sea bream is sim-
ilar to that reported in other studies, whereas for C. gobio
the mean size of conserved regions was shorter (40 bp,
Stemshorn et al. 2005). The observation of numer-
ous ECRs associated with microsatellite loci might be
TABLE 3
Oxford plot comparing the sea bream linkage map and the Tetraodon genome
Linkage map
Tetraodon chromosome 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
1 3 2
2 1 2 1
3 1
4
5 1 2
6 2
7 1
8 1
9 1 1
10
11
12 3
13 5
14 1
15 3
16
17 1
18 2
19 1
20 1
21 1 1
Two loci (Saimbb13 and Saimbb22) that remained unlinked showed a significant homology, respectively, with Tetraodon chro-
mosome 7 and chromosome 2.
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explained as a consequence of generally high sequence
conservation across the teleost fish genomes either due
to strong functional constraints or because of a slow
mutation rate. Alternatively, it might be possible that a
biased sample of the genome was obtained during the
construction of repeat-enriched genomic libraries. Both
for S. aurata and for C. gobio, the same method was used
for library preparation, which consists of digestion of
genomic DNA with restriction enzymes, followed by
adapter ligation (Zane et al. 2002). Since some ECRs
seem to have a high A-T frequency at their borders, the
choice of restriction enzyme might increase the chance
of isolating a conserved fragment; for example, the
recognition site of MseI is TTAA whereas the one of TaqI
is TCGA. In the present study, in theMseI library a higher
percentage (43.2%) of clones showed homology with a
genomic sequence of Tetraodon compared to the TaqI
library (32.7%), although the difference was not signif-
icant in a Fisher’s exact test (P ¼ 0.2).
Irrespective of the reason for the high frequency of
ECRs at microsatellite loci in teleost genomes and of
their potential functional role, ECRs represent a unique
opportunity to anchor completely sequenced fish ge-
nomes to genetic linkage maps of less characterized
species. This, in turn, might be extremely useful toward
a precise identification of genetic loci responsible for
QTL or other phenotypes of interest.
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